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Abstract

Critical aspects of the biology and molecular basis for prostate malig-
nancy remain poorly understood. To reveal fundamental differences be-
tween benign and malignant growth of prostate cells, we performed gene
expression profiling of primary human prostate cancer and benign pros-
tatic hyperplasia (BPH) using cDNA microarrays consisting of 6500 hu-
man genes. Frozen prostate specimens were processed to facilitate extrac-
tion of RNA from regions of tissue enriched in either benign or malignant
epithelial cell growth within a given specimen. Gene expression in each of
the 16 prostate cancer and nine BPH specimens was compared with a
common reference to generate normalized measures for each gene across
all of the samples. Using an analysis of complete pairwise comparisons of
expression profiles among all of the samples, we observed clearly discern-
able patterns of overall gene expression that differentiated prostate cancer
from BPH. Further analysis of the data identified 210 genes with statis-
tically significant differences in expression between prostate cancer and
BPH. These genes include many not recognized previously as differentially
expressed in prostate cancer and BPH, includinghepsin, which codes for
a transmembrane serine protease. This study reveals for the first time that
significant and widespread differences in gene expression patterns exist
between benign and malignant growth of the prostate gland. Gene expres-
sion analysis of prostate tissues should help to disclose the molecular
mechanisms underlying prostate malignant growth and identify molecular
markers for diagnostic, prognostic, and therapeutic use.

Introduction

Adenocarcinoma of the prostate gland is the most common form of
malignancy diagnosed in the United States male, accounting for over
35% of all of the cancers affecting men (1). Approximately 20% of
those diagnosed will eventually die from this disease. Prostate cancer
progression is a process involving multiple molecular alterations (2,
3), many of which can be reflected in changes of gene expression in
the prostate carcinoma cells. BPH,4 on the other hand, is the most
common benign tumor in men.60 years of age (4). Benign growth
of the prostate gland is accompanied by a significant increase in the
proliferation rate of epithelial cells in the hyperplastic acini (5).
Because these epithelial cells actively proliferate but do not frequently
progress to malignancy, they serve as a very useful cell population for
comparison with prostate carcinoma cells (6). Therefore, comparative
analysis of gene expression in prostate cancer and BPH specimens
may provide important information relating to malignant transforma-
tion of prostatic cells. Additionally, a systematic gene expression

analysis of this kind is very likely to facilitate the identification of
molecular markers and therapeutic targets for the improved manage-
ment of prostate cancer patients.

The emerging technology of cDNA microarrays provides the ability
to comparatively analyze mRNA expression of thousands of genes in
parallel (7, 8). Previous studies (9–11) have revealed novel features of
human cancers by classifying tumors based on gene expression pro-
files. Human gene expression patterns derived from cDNA microarray
measurements have been increasingly used to identify genes associ-
ated with human malignancies in a number of organ sites (12–16). On
the basis of these studies, it seems apparent that cDNA microarray-
based gene expression analysis of human prostate tissues, especially
those from well-documented clinical sources, would reveal molecular
characteristics associated with prostate tumorigenesis. In this study,
we obtained gene expression profiles of 16 primary prostate cancers
and nine BPH specimens. A complete pairwise comparison of the 25
samples revealed consistently distinctive patterns of gene expression
between these two groups of prostate tissues. Statistical tools were
used to identify genes with sufficient discriminative power to differ-
entiate these two groups of samples, generating a list of genes with
significantly different expression levels between malignant growth
and benign growth of the prostate gland.

Materials and Methods

Prostate Tissue Specimens.Prostate cancer tissue specimens were ob-
tained from 16 patients undergoing radical prostatectomy for clinically local-
ized prostate carcinoma at Johns Hopkins Hospital from October 1998 and
March 2000. Seven of the nine BPH specimens were obtained from patients
undergoing open prostatectomy and two from patients undergoing transure-
thral resection of the prostate at Johns Hopkins Hospital between February
1999 and November 2000. Harvested tissues were flash frozen in liquid
nitrogen and stored at280°C until use. Specimens were chosen for analysis
according to two criteria: (a) sufficient tissue was available for analysis; and
(b) histological evaluation by H&E staining demonstrated that the samples
contained predominantly epithelial cells (in the case of BPH samples) or
adenocarcinoma cells (in the case of the cancer samples; see below). Frozen
tissue blocks were trimmed after histological evaluation to meet this latter
criterion. Institutional Review Board-approved informed consent was obtained
from all of the patients in this study.

RNA Preparation. Trimmed prostate blocks were cut into 10-mm sections
in a cryostat. A total of 200 frozen sections/specimen were cut and maintained
on dry ice for RNA extraction. Sectioning of the samples facilitates subsequent
tissue homogenization, ensuring the maximum quality and yield of RNA
preparations. In addition, the first and last sections from each specimen were
preserved for pathological confirmation and calculation of percentages of
tumor and epithelium. Efforts were made to enrich the epithelial composition
in the samples. After trimming, the 16 tumor specimens contained at least 60%
(range, 60–85%) adenocarcinoma cells in cellular composition. Six of the
seven BPH samples from open prostatectomy contain at least 50% (range,
50–70%) epithelial cells, whereas the two BPH samples obtained by transure-
thral resection were 40% and 45% in epithelial content. Detailed tissue data are
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provided in supplemental information.5 Total RNA was isolated as described
(9). Briefly, the aqueous portion from the Trizol/chloroform (Life Technolo-
gies, Inc., Rockville, MD) extraction step was mixed with equal volume of
70% ethanol and loaded on a Qiagen Rneasy (Qiagen, Valencia, CA) column.
The columns were then processed according to manufacturer’s recommenda-
tions. RNA samples were subsequently concentrated using Microcon 100
concentrators (Millipore, Bedford, MA) to the desired concentration and stored
at 280°C until use.

Array Fabrication. The 6500 sequence-verified human cDNAs, represent-
ing 6112 unique genes (4573 known genes) on the basis of Unigene build 128,
were obtained under a Cooperative Research and Development Agreement
with Research Genetics. A complete annotated list of these cDNAs is available
from the supplemental information.5 Printing of the cDNA clones was carried
out as described previously (9). Briefly, amplified fragments from the clones
were printed onto poly-L-lysine-coated glass slides. One week after printing,
the arrayed slides were UV radiated to cross-link the DNA targets, treated with
succinic anhydride to block poly-L-lysine, and boiled to denature DNA targets.

Fluorescent Labeling and Hybridization. Labeling of total RNA was
achieved by direct incorporation of Cy5-dUTP or Cy3-dUTP (Amersham
Pharmacia, Piscataway, NJ) in a reverse transcription reaction using anchored
oligodeoxythymidylate primer (Genosys, The Woodlands, TX) and Super-
script II reverse transcriptase (Life Technologies, Inc.). Fluor-tagged cDNAs
were then concentrated to the desired volume using Microcon concentrators
(Millipore). Detailed labeling procedures are available from the website.6 For
each of the 25 surgical samples, Cy3-dUTP-tagged cDNAs were mixed with
Cy5-dUTP-tagged common reference (Fig. 1) and subsequently cohybridized
to a microarray. A single reference sample composed of a pool of RNA from
two BPH specimens was used throughout all of the hybridizations to ensure
normalized measures for each gene in each individual sample.

Image Analysis and Data Collection.Hybridized slides were scanned
using the Axon GenePix4000A scanner (Axon Instruments, Foster City, CA),
and images were processed using a collection of IPLab (Scanalytics, Inc.,
Fairfax, VA) extensions developed at the Cancer Genetics Branch at National
Human Genome Research Institute (17). The image processing analysis now
also extracts information regarding spot quality and assigns a quality score to
each ratio measurement, with 0 as the lowest measurement quality and 1 as the
highest measurement quality. The definition of the quality metric is based on
the notion that unreliable data points usually result from weak target intensity,
high local background, small target area, and inconsistent target intensity
within a given target. Implementation of the quality metric enables unified and
universally applicable data filtering before downstream higher-level data anal-
ysis. Meanwhile, computation of the similarity measures can be easily modi-
fied by introducing the quality score into the calculation without prior data
filtering as shown below. Details of the quality metric are provided in supple-
mental information.5

Data Analysis. The similarity between gene expression patterns is meas-
ured by computing the Euclidean distances for each pair of samples based on
log-transformed ratios across all of the genes (18). Calculation of the Euclidean
distance between samplex andy, dxy, was modified by introducing the quality
score into the equation to yield

dxy 5 ÎO
i51

n wi~ xi 2 yi!
2YO

i51

n wi

wherexi andyi represent the log-transformed expression ratio ofith gene in
samplex andy, respectively (total ofn genes in each sample), andwi 5 qxiqyi,
whereqxi andqyi are the expression measurement quality forith gene in the
samplex andy, respectively. Using a matrix of Euclidean distance measure-
ments from the complete pairwise comparison of all of the prostate specimens,
a multidimensional scaling method (MDS) (9, 19) was used to display the
overall similarity in gene expression profiles. During the MDS procedure,
samples were positioned in a three-dimensional space so that the distance
between each pair of samples very closely approximates the Euclidean distance
measurements in the matrix for the corresponding sample pair. This three-
dimensional approximation of multidimensional relationships produces a vi-
sually intuitive pattern of sample clustering. Weighted gene analysis was

performed to yield a list of genes statistically significant in separating BPH and
prostate tumor (9, 20). Briefly, for two groups (prostate cancer and BPH) with
a given number of samples 16 and 9, the discriminative weight for each gene
w 5 dB/(k1dw1 1 k2dw2 1 a); where dB is the between group Euclidean
distance,dw1 is the average Euclidean distance among all of the prostate
samples,dw2 is the average Euclidean distance among all of the BPH samples,
k1 5 16/(161 9), k2 5 9/(16 1 9), anda is a small constant to ensure the
denominator is never equal to zero. Genes are ranked according to thew value.
Genes with highw values create greater separation between groups and denser
compaction within the groups;i.e., they have more discriminative power to
differentiate the two groups. To test the statistical significance of the discrim-
inative weights, sample labels were randomly permuted (9, 20) among the two
groups, and thew value for each gene was again computed. This random
permutation of sample labels was repeated 1000 times to generate aw distri-
bution that would be expected under the assumption of random gene expres-
sion; i.e., no difference between the groups. Thew values generated from the
actual data were then assignedPs based on thew distribution of randomized
data. An agglomerative hierarchical clustering algorithm (9) based on Euclid-
ean distance measure was used to cluster the genes with statistically significant
(P , 0.001)w values;i.e., genes statistically different in expression between
prostate cancer and BPH samples.

RT-PCR. Expression of thehepsingene was verified using RT-PCR in six
prostate cancer samples and six BPH samples randomly chosen from the 25
prostate tissue specimens. The cDNA synthesis was performed following the
manufacturer’s instructions (Roche Molecular Biochemical, Indianapolis, IN)
using a primer set forhepsin(forward, gatgtctgcaatggcgctgac; reverse, ccaca-
cagccgccaacgtg). Prostate-specific antigen (forward, ccacacccgctctacga; re-
verse, ttgatccacttccggtaatgc) was used as a control for equal amount of prostate
epithelial cells represented in each loading.

Results

A total of 25 frozen prostate tissue specimens (16 prostate cancer
and nine BPH samples) collected at the time of surgery were analyzed
in this study. A quality control measure was applied to ensure that the
samples were enriched in epithelial content by trimming, sectioning,
and subsequent histological review within each specimen. Total RNA
was extracted, and fluorescently labeled cDNA probes (Cy3-labeled)
prepared from each of these samples were cohybridized to the arrayed
targets along with the common reference probe (Cy5-labeled) derived
from a pool of two BPH specimens (Fig. 1). Normalized fluorescent
intensity ratios from each hybridization experiment represent the
relative mRNA abundance for each gene in each sample compared
with the common reference. Analysis of the extent of similarity of the
gene expression ratios between samples then provided a measure of
the overall similarity in gene expression patterns between samples. A
complete pairwise comparison of all of the samples was performed by
computing the Euclidean distance for each pair of samples based on
all of the log-transformed ratios. The quality score associated with
each ratio measurement was incorporated into the calculation to
ensure that the Euclidean distance measurements were not sensitive to
unreliable data points with low quality score, which is typically a
result of low signal intensity value and small target size. A matrix of
Euclidean distances from a complete pairwise comparison was gen-
erated. To create a visual representation of relationships among all of
the samples in terms of their similarities in gene expression profiles,
a three-dimensional mapping of the samples, where the Euclidean
distance between samples was closely approximated by the inter-
sample map distances, was created using a multidimensional scaling
method (9, 19). Samples that have gene expression profiles that are
more similar to each other will lie closer and form aggregation
(cluster) in three-dimensional space. As seen in this plot (Fig. 2A), a
strong distinction in the pattern of overall gene expression is evident
between prostate tumor samples (blue) and BPH (golden brown)
samples (see supplemental information5 for a three-dimensional ani-
mation of the MDS plot). Samples within each group showed similar

5 http://www.nhgri.nih.gov/DIR/Microarray/Prostate_Supplement.
6 http://www.nhgri.nih.gov/DIR/microarray.
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gene expression patterns by forming a localized grouping of BPH
samples that is readily separable from the cancer sample grouping.
This result indicates that it is possible to draw a distinction between
benign growth and malignant growth of prostatic cells solely based on
the overall similarity of gene expression patterns.

To determine which gene expression patterns exhibited the greatest
difference between BPH and prostate cancer samples, weighted gene

analysis (9, 20) was performed. This analysis generates an ordered list
of genes with statistically significant differences in expression be-
tween BPH and prostate cancer. Filtering out unreliable ratio meas-
urements results in a set of 3215 genes for weighted gene analysis.
First, thew value for each gene was computed to analyze the discrim-
inative power of that gene to separate prostate cancer and BPH;i.e.,
the difference in expression of that gene between prostate cancer and

Fig. 1. Overview of experimental procedures for gene expression profiling of
prostate tissues. Prostate samples were trimmed and sectioned to enrich epithelial
content in each specimen and to facilitate sample homogenization. Total RNA was
extracted from the samples and labeled with Cy3-dUTP in a RT reaction. RNA from
a pool of two BPH specimens was labeled in parallel with Cy5-dUTP and used as
reference sample for all of the 16 prostate cancer and nine BPH samples. Labeled
products from the test samples were mixed with the labeled reference and cohybrid-
ized to microarrays containing cDNAs for 6500 human genes. Images were scanned,
and data were analyzed to study the gene expression patterns.

Fig. 2. MDS and weighted gene analysis.A, a three-dimensional plot produced by
a MDS method displaying the overall similarity in gene expression among the 25
samples. The 16 prostate cancer samples are shown inblue, and the nine BPH samples
are shown ingolden brown. B, distribution of thew values from weighted gene
analysis. Thew values are on theX axis, and the number of genes are on theY axis.
For the actual data (red line), thew value for each corresponding gene represents the
degree of difference in expression of that gene between two defined groups, 16
prostate cancer samplesversusnine BPH samples. Theblue line represents thew
distribution that would be expected under the null hypothesis, which assumes no
difference in gene expression between the two groups.C, a three-dimensional plot of
the 25 prostate samples based on the top 210 genes from weighted gene analysis. The
16 prostate tumor samples are inblue, the nine BPH samples are ingolden brown.
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BPH. Genes were then ranked according tow values, with the largest
w value indicating the most discriminative power to separate prostate
cancer from BPH. A fitted line representing thew distribution from
the actual data is displayed in Fig. 2B (red line). Next, aw distribution
was created from the randomly permuted gene expression data sets
(Fig. 2B, blue line), representing thew distribution that would be
expected under the null hypothesis that no true difference exists
between the two groups. Therefore, eachw value from the actual data
can be assigned aP to determine the statistical significance of the
associated gene to differentiate prostate cancer from BPH, by corre-
sponding thew value (from the actual data) to thew distribution from
the randomized data. Genes withw value above a critical value 1.7
were determined to be statistically significant (P , 0.001) in expres-
sion between prostate cancer and BPH (see supplemental information5

for details). As shown in Fig. 2B, it is apparent that the observed gene
expression difference between prostate cancer and BPH is not the
result of random events. There are 210 genes withw values.1.7 (and
thusP , 0.001) from the actual dataset (red line), whereas no gene in
the random datasets has aw value.1.7 (blue line). An MDS plot was
created to visualize the relationships among the 25 samples based on
these 210 genes (Fig. 2C). As expected, a greater degree of separation
was observed because this list of genes represents the subset of genes
with the most expression differences between BPH and prostate
cancer samples.

The 210 genes are clustered and displayed in Fig. 3 along with their
relative expression in each sample compared with a common refer-
ence. Samples are ordered as groups of prostate cancer and BPH to
facilitate visual comparison of the expression levels. The measured

expression ratios for each gene are presented graphically as colored
images, with thegreen squares(rectangular in compressed image)
representing higher expression in sample compared with the refer-
ence, thered squaresmeaning lower expression in sample than
reference, and theblack squaresindicating a ratio of approximately 1.
Color intensities are scaled according to the ratio (reference:sample),
with the brightest color having a ratio of greater than 5 (red) or
smaller than 0.2 (green). For clarity of data presentation, we only list
three clusters of genes with their associated names and IMAGE clone
ID numbers (Fig. 3). A complete list of the 210 genes with associated
clustering tree and other details can be accessed from supplemental
information.5

The 210 genes withw values.1.7 can be ranked according tow
values. The number one ranked gene (i.e., having the greatest ability
to differentiate BPH from cancer) ishepsin(w 5 5.05), which codes
for a transmembrane serine protease that has been implicated in cell
growth, development, and initiation of blood coagulation, and is
overexpressed in ovarian cancer (21). This gene was found to be
highly expressed in prostate cancer samples relative to BPH samples
(Fig. 3; first gene). RT-PCR analysis was used to determine the
expression level of thehepsingene in six prostate cancer samples and
six BPH samples. Prostate-specific antigen, a prostate luminal epithe-
lial marker and also a serine protease, was used as a loading control
as well as an indicator of the epithelial content in the samples. We
confirmed the high expression ofhepsinin prostate tumor samples,
whereas minimal or no signal was detected in BPH samples (Fig. 4).

Many of the differentially expressed genes remain to be confirmed
independently. However, some of them can be indirectly verified by

Fig. 3. The top 210 genes with a statistically significant difference in expression between prostate cancer and BPH. Data are organized in a matrix format following hierarchical
clustering analysis of the 210 genes. Eachrow represents a single gene; eachcolumnrepresents a prostate sample. Normalized ratios correlating to the abundance of mRNA relative
to a common reference are represented by colors;red, down-regulated relative to reference;green, up-regulated relative to reference;black, approximately same as reference. Color
saturation represents the magnitude of deviation from the reference. Selected clusters of genes are listed with corresponding gene symbol and IMAGEclone ID.
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searching the public National Center for Biotechnology Information
serial analysis of gene expression database.7 For example, database
searching of the 34 genes (excludinghepsin) from the three gene
clusters shown in Fig. 3 returned 17 genes with available data on
relative expression in prostate cancerversusthat in normal prostate.
Strikingly, 12 of the 17 genes were confirmed to be differentially
expressed with reasonable confidence (at least 2-fold change in serial
analysis of gene expression data derived from PR317 prostate librar-
ies).7 This observation also suggests that gene expression changes
between prostate cancer and BPH reflect in large degree the differ-
ences between normal and cancerous prostate epithelium. Additional
efforts will be needed to fully characterize the expression levels of
these 210 genes in benign and malignant prostate tissues.

Discussion

This study was undertaken as a step toward discovering some of the
fundamental differences between benign and malignant growth of
prostate epithelial cells. The comparison of BPH and prostate cancer
is thought likely to lead toward a more incisive understanding of the
biology of tumors because BPH appears to occupy a state that is
unusually close to that of prostate cancer; both involve overgrowth of
the epithelial cells. Whereas cancerous growth of the prostate epithe-
lial cells is characterized by accumulation of molecular abnormalities
because of genomic instability, BPH represents overgrowth of a more
“normal epithelium” with rare genetic abnormalities (22). Thus, it is
expected that many of the differences that can be observed between
BPH and cancerous epithelia will reflect this particular aspect of
prostate tumor biology. The tool chosen to carry out the comparison
was gene expression profiling using cDNA microarrays. Mathemati-
cal analysis of the profiling results demonstrated that clear differences
in expression pattern can be seen both at the overall expression level
(Fig. 2A) and at the individual gene level (Fig. 3).

Interpretation of the observed differences is bound both by the
complex nature of cellular heterogeneity and by our knowledge of the
tissue origin for BPH and prostate cancer. Any comparison is limited
by the homogeneity of the samples being compared. A typical surgical
prostate tissue specimen usually presents a mixture of different cell
types, each with a potentially unique gene expression profile. The
prostate samples used in this study were processed to maximize the
percentage of the target epithelia from which RNA was extracted to
reduce the contributions of the contaminating tissues to the final
profiles. The likelihood of the observed differences in expression
representing differences in BPH and prostate cancer biology is further
heightened by using multiple samples. The contaminating tissues will
be more randomly represented in the samples analyzed, and their
contribution to the analysis will thus be further diluted. The other
source of expression differences between BPH and prostate tumor
samples that may be tangential to the cancer-specific differences is the
tissue of origin of the two sample types. BPH and prostate cancer are

pathological entities arising in two different areas of the prostate gland
(22). The majority (;80%) of prostate cancers are found in the
peripheral zone, and almost all of the BPH occurs in a periurethral
region, termed the transition zone. Clarification of the expression
differences that arise from the differences in normal peripheral and
transition zone tissue will require studies of the relative expression of
genes of interest in these tissues. Nevertheless, many genes that are
consistently up-regulated and down-regulated in the majority of pros-
tate cancer samples when compared with BPH are most likely repre-
sentative of molecular features associated with prostate malignancy.
On the other hand, future studies focusing on the identification of
genes that have expression that is zone-specific should shed light on
the mechanisms underlying the regional difference in the incidence of
benign and malignant growth of the prostatic cells.

Genomic instability of prostate tumors could lead to an extensive
variation in gene expression even within a single tumor (2). Therefore,
identification of tumor-specific gene expression changes common to
all of the tumors is of particular interest;e.g.,mRNA expression of the
hepsingene is strikingly high in all of the prostate cancer samples
compared with minimal expression in all of the BPH samples exam-
ined. Although it is not clear at this point what implications this gene
as well as the other highly discriminating genes might have on
prostate malignancies, the cellular function of the gene products and
the potential use of those malignancy-associated genes as molecular
markers warrants further study.

Although important features of prostate tumor biology remain to be
investigated by including additional prostate tissue samples differing
in pathological characteristics, the current study reports both a clear
overall and gene-by-gene difference between gene expression profiles
associated with malignant growth and benign growth of the prostatic
cells. This study is currently being expanded by using microarrays
containing more genes known to be important in prostate biology and
by reanalysis of the profiles as new sample sets are added. Analysis of
the roles of the genes already suggested as possibly important in
prostate cancer and the further development of profiles of the various
types of normal and cancerous prostate epithelia offer a reasonable
approach to developing an understanding of the biology of prostate
malignancy.
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